ABSTRACT: Alimet (Novus Inter., Inc., St. Louis, MO) feed supplement (an 88% aqueous solution of 2-hydroxy-4-(methylthio) butanoic acid; HMB) is a source of L-Met commonly used in nonruminants and ruminants. The absorption of HMB across ovine omasal and ruminal epithelia was evaluated in this study. Ruminal and omasal epithelia were collected from eight lambs (BW = 67.6 kg ± 9.1) and mounted in parabiotic chambers that were repeatedly sampled throughout a 60-min incubation. The appearance of HMB (using C]-HMB as a radiolabeled marker) in serosal buffers increased quadratically (P < .004) with time in both tissues. More (P < .001) HMB appeared in the serosal buffers with omasal than with ruminal epithelia. Both tissues responded similarly, and, after 60 min of incubation, the accumulation of HMB within the tissues increased linearly (P < .001) as substrate concentration (.375, .75, 1.5, 3.0, 6.0, and 12.0 mM) increased in mucosal buffers. As the concentration of HMB in the mucosal buffers increased, there was a quadratic (P < .001) in-
Introduction
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Received March 1, 1999 . Accepted October 1, 1999 1078 crease in the appearance of HMB in the serosal buffer of the omasal epithelium, indicating some saturation of the system. The increase in serosal appearance of HMB was linear (P < .001) with ruminal tissue. The results indicate that there are probably multiple mechanisms involved in the absorption of HMB. Because saturation was observed in the omasum, it is likely that mediated transport accounts for at least a portion of the absorption of HMB in the omasum. Other mechanisms (e.g., diffusion and(or) paracellular absorption) are responsible for the balance of the absorption. Omasal epithelium appears to have a greater capacity for HMB absorption than ruminal epithelium. The enzymes involved in the conversion of HMB to 2-keto-4-(methylthio)butanoic acid were found in ruminal and omasal epithelia, liver and kidney. These results indicate that HMB can be absorbed across ruminal and omasal epithelium and that HMB can be used as a source of L-methionine.
intestinal tract of birds has comparable capacity to absorb HMB and DL-Met, but transport pathways differ. The uptake of DL-Met is mainly carrier-specific and Na + -dependent (Dibner et al., 1992; Maenz and EngeleSchaan, 1996) , and DL-HMB uptake is mainly by diffusion (Dibner et al., 1988) or by H + -dependent transport (Maenz and Engele-Schaan, 1996) .
L-α-Hydroxy acid oxidase (L-HAOX) is involved in the conversion of L-HMB to 2-keto-4-(methylthio)butanoic acid (KMB) and is present in peroxisomes in chicken liver and kidney (Dibner and Knight, 1984) , rat liver (Langer, 1965) , and hog kidney (Robinson et al., 1962) . The dextro-form of HMB is oxidized by KMB by mitochondrial D-2-hydroxy acid dehydrogenase (D-HADH) and was found in all tissues tested in chickens (Dibner and Knight, 1984) . Conversion of D-and L-HMB to KMB occurs simultaneously. The oxidation enzymes are stereoisomer-specific and believed to be the limiting step in converting DL-HMB to L-Met (Dibner and Knight, 1984) .
Transamination of KMB to L-Met is not a limiting step and is not restricted to one amino donor. In calves, liver and kidney can convert DL-HMB to L-Met with KMB as an intermediate (Belasco, 1972) . However, it was not specified whether D-HADH or L-HAOX was involved in the conversion and whether forestomach epithelium had the capacity for DL-HMB conversion. Because various amino acid substrates can be absorbed from ruminant forestomach, it is important to determine whether ruminally stable amino acid analogs can be absorbed as well. Therefore, our objectives for this research were to determine whether HMB is absorbed by sheep ruminal and omasal epithelia and to determine whether these epithelia have the capacity to convert HMB to L-Met.
Materials and Methods
Unless noted otherwise, all chemicals, substrates, and reagents used in the preparation of buffers were purchased from Sigma Chemical (St. Louis, MO). The Virginia Tech Animal Care Committee approved protocols used in the care and management of animals. Animal management, diet, collection of tissues, tissue viability, and measurement of uptake were described previously (Matthews and Webb, 1995; McCollum and Webb, 1998) .
Uptake Measurement. Ruminal and omasal tissues from eight crossbred wether lambs (BW = 67.6 ± 9.1 kg) were used to measure HMB uptake. For each of the animals used for HMB uptake, seven parabiotic units were prepared for both ruminal and omasal epithelial tissues, simultaneously. The initial buffer in the serosal chamber was a Krebs ringer phosphate (KRP; 120 mM NaCl, 5 mM KCl, 2.6 mM CaCl 2 , 1.2 mM Na 2 HPO 4 , pH 7.4) buffer, and this was replaced with 15 mL of KRP buffer (pH 7.4) containing 10 mM D-glucose and enough D-mannitol C]-HMB for use as a tracer in these studies. The specific activity in each mucosal chamber buffer was the same within an animal (mean = 156.5 dpm/ nmol). Both mucosal and serosal chamber buffer samples (.5 mL) were collected after 5, 10, 15, 30, 45, and 60 min of incubation. The amount of 14 C in the form of HMB, KMB, and L-Met was determined in the serosal buffer samples collected after 60 min of incubation. Five hundred microliters of serosal buffer sample were dissolved in water and .05% trifluoroacetic acid and injected into a high-performance liquid chromatography system (Zorbax AX 300 SB-C18; Mac Mod, Chadds Ford, PA) for the quantification of the radioactively labeled metabolites as described by Ontiveros et al. (1987) . Peaks corresponding to L-Met, KMB, and HMB were individually collected. To each, scintillation counting cocktail was added followed by mixing for 1 min, and then radioactive decay was quantified (Beckman LS-700 Scintillation Counter; Beckman Instruments, Fullerton, CA). No attempt was made to determine the concentration of HMB, KMB, or L-Met in the serosal buffer. The accumulation of 14 C in serosal buffer was quantified in all samples collected. Sample aliquots of .5 mL were mixed with 5 mL of scintillation fluid, and 14 C content was quantified with liquid scintillation counting (LS 5000TA Scintillation Counter; Beckman Instruments) after a minimum of 4 h of equilibration. Recorded counts per minute were converted to disintegrations per minute using a standard quench curve. Quantities of individual metabolites were determined only in samples taken after 60 min of incubation. The movement of 14 C into serosal buffer was used to calculate an apparent accumulation of HMB. During absorption through ruminal and omasal tissues, a portion of HMB is oxidized to KMB which, following transamination, is converted to L-Met (data to be presented). It should be understood that any or all of these metabolites may be represented when reference is made to HMB absorption unless the 14 C has been determined to be associated specifically with HMB. Data will be presented that indicate that the majority of 14 C is associated with HMB. The amount of apparent HMB appearing in serosal chamber buffers was calculated from the disintegrations per minute quantified, buffer volume, substrate concentration in the time-zero mucosal buffer, and the specific activity of the time-zero mucosal buffer. The total 14 C activity located in or on the epithelial tissue at the end of the incubation was determined following digestion of the tissue with Scintigest (Fisher Scientific, Pittsburgh, PA) at 65°C for 24 h in a waterbath. Apparent uptake of HMB was expressed as nmol/mg of dry tissue.
Enzyme Assays. Ruminal epithelium, omasal epithelium, kidney, and liver tissues were collected from seven of the eight animals that were used for uptake measurement and stored for later examination of enzyme activity. Individual assays were performed on each tissue for each animal. The samples (1 to 5 g) of ruminal and omasal epithelia were collected from the same areas of the stomach as described previously for uptake measurement. Kidney tissue was obtained by cutting approximately .5-cm cross-sectional slices from the middle of the kidney. Liver tissue was obtained by cutting approximately .5-cm slices from the center of the caudal lobe. Attempts were made to sample all tissues from the same anatomical area in each animal. Samples were obtained as quickly as possible, frozen immediately in liquid N 2 , and stored frozen (−80°C) for later enzyme determination. Tissue samples were dissected free from connective tissue and intraperitoneal fat, rinsed, and homogenized into four volumes of homogenizing buffer and diluted 1:1 with potassium phosphate buffer as described by Dibner and Ivey (1991) . The homogenizing buffer consisted of .25 M sucrose, .01 M phenylmethyl sulfonyl fluoride and .02 M potassium phosphate. The potassium phosphate buffer consisted of .02 M potassium phosphate, pH 7.5. Protein in the homogenates was quantified using a modified biuret protein assay as described by Dibner and Ivey (1991) . The specific activity of the enzymes involved in the conversion of DL-HMB to KMB in each of the tissues was determined as described by Dibner and Knight (1984) . Specific activity of the enzymes was expressed as nanomoles of HMB converted to KMB per minute per gram of tissue or per milligram of protein.
Statistical Analyses. The main effects and their interactions on the appearance of HMB, KMB, and L-Met in the serosal buffer and the accumulation in the ruminal and omasal epithelium were analyzed using the GLM procedures of SAS (1988) for both experimental models. The main effects were animal, tissue, substrate concentration, and time. The models also included all twoway interactions. The repeated measures option (PROC MIXED) of SAS (1988) was used to determine the effect of time on the above because of the repeated sampling of each parabiotic unit. Orthogonal polynomial contrasts for nonequidistant spacing were used to partition the effects of time into linear and quadratic components. Coefficients used in developing these contrasts were generated using the PROC MATRIX function of SAS (1988) . The main effects on the enzyme activities consisted of tissue and animal and were analyzed using the GLM procedures of SAS (1988). Least-squares means comparison was used to evaluate differences among tissues for each enzyme.
Results and Discussion
Although both the rumen and omasum have a similar epithelial cell arrangement composed of four layers (stratum corneum, stratum granulosum, stratum spinosum, and stratum basale), there is still a considerable difference in the overall architecture between these two tissues. The average dry mass of tissue exposed during the incubation was 16.7 and 61.5 mg of omasal and ruminal epithelium, respectively. Because of the sizable difference in tissue mass, it was necessary to choose some way of expressing the data that allows us to make reasonable comparisons between the two tissues. Thus, the data were expressed as nmol/mg of dry tissue in an effort to normalize the comparison between omasal and ruminal epithelia. Comparisons were made between ruminal and omasal epithelia as the data were presented and discussed; therefore, as one considers these comparisons, one must keep in mind that the expression of data on a nmol/mg of dry tissue basis may itself lead to some differences.
The appearance of HMB in the serosal buffer increased linearly (P < .001) for both tissues (Figure 1 ; data for each time are means of all concentrations). There was a marked difference (P < .001) in the serosal appearance of HMB over time between omasal and ruminal epithelia. By the end of the 60-min incubation, approximately seven times more HMB had crossed the Figure 1 . Effect of time on the serosal appearance of 2-hydroxy-4-(methylthio) butanoic acid (HMB). Appearance of HMB in serosal buffer increased linearly (P < .001) for both tissues. Rate of HMB uptake differed (P < .001) between tissues. n = 8. Data for a particular sampling time are means of all substrate concentrations.
omasal epithelium into the serosal buffer than had crossed the ruminal epithelium.
It is apparent that, as the concentration of substrate in the mucosal buffer increased, there was an increase in the appearance of HMB in the serosal buffer, indicating that absorption had occurred (Figure 2 ; data for each concentration are means for all sampling times). The magnitude of serosal appearance was different (P < .001) for omasal and ruminal tissues. At a concentration of 12 mM, serosal appearance in the presence of omasal tissue was about eight times that of ruminal tissue. The increase in serosal appearance of HMB with increasing substrate concentration was linear (P < .001) with ruminal tissue. In contrast, this increase was quadratic (P < .005) with omasal tissue. The linear response to substrate concentration with ruminal tissue suggests that the principal mechanism(s) involved in the absorption of HMB across ruminal epithelium is nonmediated and, therefore, nonsaturable. It is possible that medi- Figure 2 . Effect of 2-hydroxy-4-(methylthio) butanoic acid (HMB) concentration on the appearance of HMB in serosal buffers. Tissues differed (P < .001) in rate of HMB uptake, increased linearly (P < .001) in ruminal and quadratically (P < .005) in omasal tissue as substrate concentration increased. n = 8. Data for a particular substrate concentration are means of all sampling times. Appearance of 2-hydroxy-4-(methylthio) butanoic acid (HMB) in serosal buffers at 60 min of incubation. Appearance of HMB was greater (P < .001) with omasal than ruminal tissue, and the response was linear (P < .001) for both. n = 8. ated transport, if present, may not be detectable by this system in the presence of a large nonmediated absorption. At least a portion of the absorption of HMB by omasal tissue seems to be via a system(s) that is saturable, as indicated by the quadratic response to increasing substrate concentration. Included among the mechanisms considered to be nonsaturable would be simple diffusion and paracellular transport. Saturable mechanisms would include those in which a transport protein is involved.
When only data at 60 min of incubation are considered (Figure 3) , the appearance of HMB in serosal buffer has much the same pattern as observed when all times are included (Figure 2 ). Appearance of HMB was greater (P < .001) with omasal tissue than with ruminal tissue, and the response was linear (P < .001) for both. The accumulation of 14 C in tissues was quantified at the end of the 60-min incubation (Figure 4) . The 14 C in the tissues might have been associated with HMB or its metabolites in the free form or it might have been Absorption increased linearly (P < .001) in ruminal, and quadratically (P < .001) in omasal tissue as substrate concentration increased. n = 8. associated with tissue proteins as a component of LMet. This may reflect a greater use of L-Met that is derived from HMB for incorporation into cellular proteins by ruminal than by omasal epithelia. There was a greater (P < .07) amount of 14 C in ruminal than in omasal tissue after 60 min. With both tissues, there was a quadratic (P < .005) response to substrate concentration. There seemed to be some tendency for saturation to occur in both tissues, but this is difficult to define clearly.
Combining the data for serosal appearance at 60 min ( Figure 3 ) and tissue accumulation (Figure 4 ) allowed us to estimate total absorption of HMB after 60 min of incubation ( Figure 5 ). There was a greater (P < .001) absorption of HMB in omasal than in ruminal tissues. The linear (P < .001) response associated with ruminal absorption of HMB is most likely because the primary mechanism(s) involved is nonsaturable. To the contrary, the quadratic (P < .001) response of omasal absorption to substrate concentration is suggestive of the involvement of a transport protein(s) in the process.
The results of this study clearly indicate that HMB can be absorbed across ruminal and omasal epithelium in vitro. Results of other comparable studies from our laboratory indicate that a similar potential exists for the dipeptides carnosine and methionylglycine, the amino acid methionine (Matthews and Webb, 1995) , and the dipeptide glycylsarcosine (McCollum and Webb, 1998) . When we compared the serosal appearance of HMB observed in the present study with the serosal appearance of substrates observed in earlier studies we saw that HMB absorption seemed to be greater than absorption of other substrates.
The rate of absorption of various amino acid substrates and HMB across forestomach epithelia seemed to differ substantially. After 60 min of incubation, absorption of HMB by the omasum in the present study was about seven and four times greater than the absorption of methionylglycine and methionine, respectively, as reported earlier (Matthews and Webb, 1995) . Differ- Least-squares means within the same column lacking common superscripts differ (P < .05). Means are single samples from each of seven animals.
ences of similar magnitudes were observed with ruminal tissue as well. Even though the substrate concentrations of carnosine were much higher in an earlier study (Matthews and Webb, 1995) , the absorption of HMB in the present study was about six and eight times greater by omasal and ruminal tissues, respectively. Differences were even greater when uptake of glycylsarcosine (McCollum and Webb, 1998) and HMB in the present study were compared. Because of differences in substrate concentrations among studies, comparisons were difficult. It appeared, however, that HMB was absorbed more rapidly than the other substrates. All of these studies were conducted independently and the same general experimental protocol was used for each, yet some care must be exercised about how these comparisons are interpreted. Without direct comparisons we Figure 6 . Appearance of 14 C in the form of 2-hydroxy-4-(methylthio) butanoic acid (HMB), 2-keto-4-(methylthio) butanoic acid (KMB), and L-Met in serosal buffer after 60 min incubation. The appearance of HMB, KMB, and L-Met in the serosal buffer increased quadratically in ruminal (P < .05) and omasal (P < .01) tissue as substrate concentration increased. n = 8. cannot be certain, but it seems that HMB absorption from the ruminant stomach may be more rapid than absorption of the amino acid and dipeptide substrates evaluated to date in our laboratory.
It is quite evident from the results of this study that HMB is absorbed across both ruminal and omasal epithelia. Amino acid and peptide substrates evaluated in earlier studies did not seem to be absorbed as rapidly as HMB. Compared with ruminal tissue, omasal tissue seems to have a greater capability to absorb HMB. This greater capability for HMB absorption along with the fact that upward of one-third of the absorptive surface of the ruminant stomach is associated with the omasum may make this portion of the stomach a major site of HMB absorption in vivo. All (or at least the vast majority) of the absorption of HMB across ruminal tissue can be the result of passive diffusion and(or) paracellular transport. If mediated transport is involved, it was not detectable in the present study. At least a portion of the absorption of HMB by omasal epithelium can be explained by the activity of a transport protein(s), but the identity of and characteristics of this transport protein(s) are not known at this time.
The biochemical pathway and the enzymes involved in the conversion of HMB to L-Met have been well characterized in chickens (Dibner and Knight, 1984; Dibner and Ivey, 1991) . In ruminants, Belasco (1972) reported the capacity of conversion of HMB to Met in liver and kidney of calves. The results presented in Table 1 provide further evidence of the presence of the two critical enzymes (L-HAOX and D-HADH) involved in the conversion of HMB to Met in sheep liver, kidney, and ruminal and omasal epithelia. In chickens, it is believed that the major site of conversion of HMB to L-Met occurs in the liver (Dibner and Knight, 1984) . In the present study, the specific activity of L-HAOX, when expressed on a per gram of wet tissue basis, was higher (P < .05) in the liver than in the other organs evaluated. However, the specific activity of D-HADH was lower (P < .05) in the liver than in ruminal or omasal epithelia. The L-HAOX enzyme is mostly present in the peroxisomal fraction of liver and kidney, and D-HADH enzyme is present in the mitochondria of all tissues. Liver and kidney contain a greater content of peroxisomes and, therefore, of oxidase enzymes than other organs (Dibner and Knight, 1984) . When the specific activity of the enzymes was expressed on a protein basis, ruminal and omasal epithelia had considerably higher (P < .05) enzyme activity than liver and kidney, due to a lower content of protein in these stomach tissues. The capacity of the sheep liver to convert HMB to KMB observed in this study, as indicated by the specific activity of the enzymes, was of the same order of magnitude as in chickens (Dibner and Ivey, 1991) . This suggests that the liver in ruminants might also be an important site of substrate conversion. However, the conversion capacity of the ruminal and omasal epithelia should not be ignored.
The appearance of [ Figure 6 ) provides further evidence of the capability of the ruminal and omasal epithelia to convert HMB to L-Met. The proportion of HMB that was not metabolized by ruminal and omasal epithelia increased as the initial concentration of HMB increased. In chickens, enzyme activity was also found along the gastrointestinal tract (Dibner and Knight, 1984) . The implications of the present findings are important. As HMB is absorbed across the gastrointestinal tract, some of the dietary HMB will be converted to L-Met and be metabolized directly by the tissue. The rest of the dietary HMB will arrive at the liver, where it will be converted and metabolized. Based on the results presented by Bottje et al. (1998) , only a small amount of dietary HMB will bypass the liver and appear in peripheral circulation.
Implications
Research designed to characterize the absorption of an L-methionine precursor (HMB), especially the mediated-transport component, will yield valuable information about the mechanism(s) involved. With knowledge about the particular transport protein(s) may come the ability to influence or control its activity and, therefore, influence or control the absorption of HMB. This could further enhance the value of this analog as a nutritional supplement.
